Precise coordination of progenitor cell proliferation and differentiation is essential for proper organ morphogenesis and function during mammalian development. The mitogen-activated protein kinase kinase kinase 1 (MAP3K1) has a well-established role in anterior eyelid development, as Map3k1-knockout mice have defective embryonic eyelid closure and an 'eye-open at birth' (EOB) phenotype. Here, we show that MAP3K1 is highly expressed in the posterior of the developing eye and is required for retina development. The MAP3K1-deficient mice exhibit increased proliferation and apoptosis, and Müller glial cell overproduction in the developing retinas. Consequently, the retinas of these mice show localized rosette-like arrangements in the outer nuclear layer, and develop abnormal vascularization, broken down retinal pigment epithelium, photoreceptor loss and early onset of retinal degeneration. Although the retinal defect is associated with increased cyclin D1 and CDK4/6 expression, and RB phosphorylation and E2F-target gene upregulation, it is independent of the EOB phenotype and of JNK. The retinal developmental defect still occurs in knockout mice that have undergone tarsorrhaphy, but is absent in compound mutant Map3k1
INTRODUCTION
MAP3K1 is a member of the mitogen-activated protein kinase kinase kinase (MAP3K) superfamily, the members of which are known to have highly cell type-specific roles in the control of MAPKK-MAPK signaling cascades. In vivo studies using mice that lack either the full-length protein (MAP3K1 null or Map3k1 -/-) or the kinase domain (Map3k1 DKD /DKD ) have revealed essential roles of this protein kinase in the regulation of immune system development and function (Gallagher et al., 2007; Gao et al., 2004; Labuda et al., 2006; Venuprasad et al., 2006) , injury repair (Deng et al., 2006; Mongan et al., 2008) , vasculature remodeling (Li et al., 2005) , and tumor progression (Cuevas et al., 2006 ). Yet, the most apparent function of MAP3K1 is the regulation of ocular surface morphogenesis. Although both Map3k1 DKD/DKD and MAP3K1-null mice survive embryonic development, they display a distinct eye open at birth (EOB) phenotype, owing to defective eyelid morphogenesis Zhang et al., 2003) . Detailed characterization of the knockout mice indicates that MAP3K1 is responsible for transmission of morphogenic signals to the activation of a JNK-c-Jun pathway, which is required for induction of actin polymerization and expression of genes involved in epithelial cell migration (Deng et al., 2006; Zhang et al., 2003; Zhang et al., 2005) . Thus, loss of MAP3K1 impairs epithelial cell migration and thereby embryonic eyelid closure.
In addition to the EOB phenotype, MAP3K1-deficient mice display numerous eye abnormalities at postnatal ages. In the anterior segment, they show eyelid attachment to the cornea, iris pigment cell outgrowth, corneal inflammation and morphological abnormalities. In the posterior segment, Map3k1 DKD/DKD mice display a distinct retinal dysplasia (Zhang et al., 2003) . Although the anterior pathologies may be secondary to EOB, as lacking a closed eyelid exposes the premature ocular surface to environmental insults that may cause injury, the posterior defects are more likely to be attributed to MAP3K1 deficiency. How MAP3K1 regulates retina development, however, has not been explored. The retina is a part of the central nervous system that lines the back of the eye, with a function in capture and conversion of light particles into nerve signals. The mature retina consists of three nuclear layers and seven major cell types (Livesey and Cepko, 2001 ). The outer nuclear layer (ONL) contains cell bodies of photoreceptors, rods and cones, which are the lightdetecting neurons of the eye. The inner nuclear layer (INL) consists of horizontal, bipolar, amacrine interneuron and Müller glia, whereas the innermost ganglion cell layer (GCL) consists of ganglion and amacrine neurons, which are responsible for processing the visual signals that are sent through the optical nerve to the brain. All these cells derive from the multipotent retinal progenitor cells (RPCs) in a temporal and overlapping period of time during development (Chen et al., 2004; Chow and Lang, 2001) . The RPCs have the ability to proliferate in order to produce enough cells for the growing retina. This takes place in mouse in a 17-day period between embryonic day (E) 14 and postnatal day (P) 8. Concurrently, subpopulations of RPCs will commit to precursors at the appropriate developmental stage, whereas the committed precursors will stop proliferation and exit the cell-cycle through an intrinsic program (Zhang et al., 2004) .
Precise coordination of proliferation and differentiation is essential for retina development, whereas its disruption leads to retina malformation.
Genetic studies in mice have shown that loss of the retinoblastoma gene Rb uncouples cell cycle exit from differentiation, resulting in extended precursor proliferation and pathological lesions in the retina (Ajioka and Dyer, 2008; Chen et al., 2004; MacPherson et al., 2004) . The RB-deficient retinas also display increased apoptosis, which is likely to be a compensatory mechanism to minimize visual impairment, so that RB knockout mice rarely develop invasive retinoblastoma. RB is a nuclear phosphoprotein that controls the cell cycle by binding to members of the E2F family of transcription factors, resulting in repression of E2F1-mediated gene expression (Hatakeyama and Weinberg, 1995; Polager and Ginsberg, 2009; Stevaux and Dyson, 2002) . Inactivation of RB is accomplished by gene mutation or cyclindependent kinases-mediated RB phosphorylation that dissolves the RB/E2F complex, which leads to E2F activation. The E2F in turn regulates genes whose products are implicated in the G1-to Sphase transition of cell cycle, in DNA replication and in apoptosis (Iaquinta and Lees, 2007; Rowland and Bernards, 2006) . Genetic deletion of E2F1 rescues abnormalities in ectopic division and apoptosis of RB-deficient retinal cells, supporting the existence of a RB-E2F axis in retinal development (Chen et al., 2007) .
It is generally accepted that extrinsic signals play important roles in establishing the correct balance between RPC proliferation and precursor generation during development. The growth factorstimulated signaling pathways, such as the MAPK cascades, have been shown to modulate RB and E2F activities in the context of cell cycle progression of cancer (Downward, 1997) , but their interactions with the RB-E2F axis in retina development have not been well understood (Oliveira et al., 2008) . In this paper, we focused on investigating the role of MAP3K1 in retina development. We show that MAP3K1 is highly expressed in the postnatal retina and its ablation leads to activation of the RB/E2F pathways. Consequently, the MAP3K1-deficient retina displays aberrant proliferation, apoptosis and Müller glia overproduction, leading to abnormal retinal structure and early onset of retinal degeneration. The retinal defects in the MAP3K1-null mice are not due to reduction of JNK activation and open eyelids. Results of this work reveal a novel JNK-independent function of MAP3K1 in the regulation of cell proliferation and differentiation.
MATERIALS AND METHODS

Reagents and antibodies
The antibodies for F4/80 were from Abcam (Cambridge, MA, USA), PCNA was from BD Biosciences (Bedford, MA, USA), p-JNK was from Promega (Madison, WI, USA), and p-H3, rhodopsin and opsin blue were from Millipore (Bedford, MA, USA). Antibodies for glutamine synthetase, calbindin-D-28K, protein kinase C, the Harris Hematoxylin solution and alcoholic Eosin Y solution were from Sigma (St Louis, MO, USA). Antip-RB was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The Alexa Fluor-conjugated secondary antibody, random hexamer primers and the enzyme for reverse transcription were from Invitrogen (Carlsbad, CA, USA). The ApopTag Plus fluorescent in situ apoptosis detection kit for TUNEL assays was from Chemicon (Billerica, MA, USA). The TRIzol reagents for RNA isolation were from QIAGEN (Valencia, CA, USA) and SYBER Green QPCR Master Mix was from Stratagene (Santa Clara, CA, USA). Histology, -galactosidase staining, immunohistochemistry and the TUNEL assays
Experimental animals
The whole mount -gal staining was carried out as described before (Henkemeyer et al., 1996) . Briefly, the mouse eyes were enucleated, fixed in cold 2% paraformaldehyde plus 0.25% glutaraldehyde for 15 minutes. The tissues were washed in PBS and placed in X-gal staining solution at 37°C overnight. For histology and immunohistochemistry, the mouse eyes were fixed in 4% paraformaldehyde at 4°C overnight. The eyes were embedded in paraffin and sectioned, and eye sections were counterstained with Hematoxylin and Eosin or subjected to immunostaining. Immunostaining was done using specific antibodies followed by Alexa Fluor dye-conjugated secondary antibodies and Hoechst to label nuclei.
Tissue sections were applied to TUNEL assay following the protocol from the supplier. Briefly, the paraffin sections were deparaffinized and incubated with TdT enzyme. The sections were then incubated with antidigoxigenin-fluorescein conjugates, followed by staining with Hoechst. The tissue sections were examined and photographed using a Zeiss Axiocam microscope (Carl Zeiss, Thornwood, NY, USA).
RNA isolation, reverse transcription and real time PCR
Retinas were isolated under a dissecting microscope (Nikon, Melville, NY, USA) from the mice at P5 of age. Total RNA was extracted using TRIzol reagents and was reverse transcribed to generate cDNA using a kit from Invitrogen. Quantitative PCR was performed using an MX3000p thermal cycler system and SYBER Green QPCR Master Mix. At the end of the PCR, the samples were subjected to melting curve analysis. All reactions were performed at least three times in four biological samples. Relative differences in QRT-PCR among samples were determined using the DDC t method as described previously (Peng et al., 2007) . Oligonucleotides used as the specific primers to amplify mouse genes cDNA were as follows: exons of MAPK kinase domain, 5Ј-CCGCCATCCACTCAATGAAGA CG and 5Ј-CCAAAGCGAAACAGCCTTACAGAG; E2f1, 5Ј-CTGCCT-CATTGGAATAGCAC and 5Ј-ACATACACACACACACACAC; Pol, 5Ј-ACGCTCCAGACGCGCACTAC and 5Ј-TTGGAACGGGA -AGCGGAAG; Dhfr, 5Ј-AGCCTTAGCTGCACAAATAG and 5Ј-TCTC-CGTTCTTGCCAATCC; cyclin A2 (Ccna2), 5Ј-TACCTGCCTTCACT-CATTGCTGGA and 5Ј-ATTGACTGTTGGGCATGTTGTGGC; cyclin E1 (Ccne1), 5Ј-TGGATTTGCTGGACAAAGCCCAAG and 5Ј-AG-GCAATGGCAGGTTTGGTCATTC; Rb1, 5Ј-GACAGCTTCCCCCA -TTTCTTC and 5Ј-CTTGAACTCACTAGCAAAAGACC; cyclin D1 (Ccnd1), 5Ј-GCCCTCCGTATCTTACTTCAAG and 5Ј-GCG-GTCCAGGTAGTTCATG; Cdk4, 5Ј-ATCGGGACATCAAGGTCAC and 5Ј-GTCAGCATTTCCAGTAGCAG; Cdk6, 5Ј-CCCAACGTGGTC -AGGTTGTTTGAT and 5Ј-AGCCAGCTTTATCTGTCCACTGCT.
Quantification and statistical analyses
The number of p-JNK, p-H3 and TUNEL-positive cells was counted in the photographs that cover the entire retinal cross-section. The average of positive cells per retina was generated based on data from at least eight retinas per genotype in each developmental stage. The number of PCNApositive and total cells was counted in the photographed field of the retinas. The percentage of PCNA-positive cells was calculated based on four pictures per retina and five retinas per genotype in each developmental stage.
The AxioVision software by Carl Zeiss Imaging was used to measure the thickness of the ONL or INL and the fluorescence density of a standard area across a 5 m section of retina at 20ϫ magnification. The average of five pictures per retina and six retinas per genotype was calculated. Statistical comparisons were performed with Student's two-tailed paired ttest and analysis of variance (ANOVA). Values of *P<0.05, **P<0.01 and ***P<0.001 were considered to be statistically significant.
RESULTS
MAP3K1 expression in postnatal retina
The MAP3Ks display tissue and cell type specificity in signal transduction, partly owing to its unique tissue distribution (Schlesinger et al., 1998) . To determine whether MAP3K1 was involved in the postnatal development of eye, particularly retina, we examined its expression in Map3k1 +/DKD and Map3k1
mice. The Map3k1 DKD allele was generated by replacing exons coding for the kinase domain of MAP3K1 with a -galactosidase gene such that the resultant MAP3K1DC--GAL fusion protein was kinase inactive (Xia et al., 2000) . Whole-mount X-gal staining of eyes at postnatal day 1 (P1) and P7 showed that the -galpositive, i.e. MAP3K1-expressing, cells were abundant in distinct regions of the eye in the Map3k1 DKD/DKD and less so in Map3k1 +/DKD mice. By contrast, -gal-positive cells were undetectable in wild-type mice. Examination of the eye sections revealed that MAP3K1 was expressed in ectodermal-derived epithelial cells, in agreement with our previous findings in other tissues (Mongan et al., 2008; Zhang et al., 2003) . In the anterior eyes, MAP3K1 expression was strong in the epithelium of eyelid, lens and ciliary body, but was weak in corneal epithelial cells, and in corneal and eyelid stromal cells (Fig.  1A,B ). In the posterior eyes, MAP3K1 expression was detected broadly in the developing retinas, with particularly high expression in cells occupying the outer neuroblast layer. Although -galpositive cells were sparsely seen in the retinal pigment epithelium (RPE) of C57/BL6 mice, they were clearly observed in the RPE of albino CD1 mice (Fig. 1B) . Given that the available MAP3K1 antibodies are not qualified for immunostaining, we use -gal staining as surrogates to show that MAP3K1 is expressed in multiple cell types in anterior and posterior segments of the developing eye.
To confirm MAP3K1 expression, we isolated RNA from retinas of wild-type and Map3k1 DKD/DKD mice at different postnatal ages. The RNA was analyzed by real-time PCR using primers that recognize the exons coding for the kinase domain of MAP3K1. Although Map3k1 expression was at background levels in the knockout retinas, it was 20-140 times higher in retinas of age-matched wild-type mice (Fig. 1C) . The abundant MAP3K1 expression in the developing retina hints at the possibility that MAP3K1 has a role in postnatal retina development and function. At P7, the retinas of the Map3k1 DKD/DKD mice started to show misallocated cell bodies at the posterior side, whereas at P15 and older, they developed sporadic rosette structures posterior to the photoreceptor layers. By contrast, all the retinas in age-matched Map3k1 +/DKD mice (n4) were morphologically normal, with no retinal infolding or rosette formation. When grown older, the retinas of Map3k1 +/DKD and Map3k1 DKD/DKD mice were both fully developed and laminated, but those of the knockout mice displayed a number of pathological changes at 2-12 months of age. These include regional dislocation in the outer nuclear layer (ONL), focal RPE leak, and localized neo-vascularization in RPE and ONL (Fig. 2B) . A closed eyelid is required for neonatal development of ocular surface, but not for retinal formation The Map3k1-knockout fetuses survived embryonic development, yet they had an EOB phenotype because of defective embryonic eyelid closure (Zhang et al., 2003) . It is possible that the retinal damage in the knockout mice is secondary to EOB, because exposure of dark adapted rats to excessive amounts of light has been shown to cause photoreceptor cell death and retinal degeneration (Hafezi et al., 1997; Reme et al., 2000) . To examine this possibility, we performed reciprocal surgical procedures either to suture the opened eyelids of the knockout or to open the closed eyelid of wild-type mice right after birth (P0) (Fig. 3A) . The suture was removed at P14, a time point when the eyelid fusion dissolves and lid opens naturally in wild-type mice. Examination of the retinas at P15 showed that the Map3k1 DKD/DKD mice had a rosette structure in the ONL, regardless of whether their eyelids were surgically sutured; however, the wild-type mice had normal retina with no detectable misfolding and dysplasia, regardless of whether their eyelids were surgically opened at birth (Fig. 3B) . In addition to retina abnormalities, the knockout mice grew up with clear pathologies at the anterior surface of the eye, including cloudiness of the cornea, stromal neovascularization and thickening, and iris overgrowth, whereas they appeared to have normal Meibomian glands (Fig. 3C,D) . Immunohistochemistry analyses showed that the Map3k1-knockout corneas lost expression of keratin 12 (K12), a specific marker for corneal epithelium, and had macrophage invasion, as detected by the expression of F4/80, in the stroma, which is indicative of abnormal and dysfunctional cornea. Interestingly, surgical suture of the eyelid in knockout mice partially restored normal corneal appearance, and reduced corneal thickening and macrophage invasion (Fig. 3C,D) . Conversely, surgical eyelid opening in wild-type mice resulted in significant macrophage invasion and lost K12 expression, mimicking abnormalities observed in the knockout mice. Based on these observations, we suggest that a closed eyelid at birth is required for ocular surface development and maturation during early postnatal stages, but is not essential for postnatal retina development. The retinal damage in the MAP3K1-knockout mice is therefore not secondary to EOB. DKD/DKD mice at P1 and suture was removed at P14. (A)Photographs of the eyes without or with the surgical procedures at P1 (top panels) and P15 (bottom panels). (B)The eyes at P15 were subjected to Hematoxylin and Eosin staining, and the retinas were examined under the microscope. L, lens; R, retina; G, ganglion layer; I, inner nuclear layer; O, outer nuclear layer. Clear retinal folding (arrows) is found in the Map3k1 DKD/DKD mice regardless of whether the eyelid is sutured. (C)The corneas of the mice were subjected to Hematoxylin and Eosin staining, and immunohistochemistry with chromogenic reporters for macrophages (F4/80) and stromal keratocyte marker (keratocan), and with fluorescent reporter for corneal epithelial specific keratin 12 (K12, green) and DAPI for nuclei (blue) . Surgical eyelid open in the wild-type mice causes severe corneal pathology (arrows), including macrophage invasion, loss of K12 expression and increased keratocan, similar to the knockout mice. S, corneal stroma; E, corneal epithelium. (D)The anterior surface of the eye was examined after Hematoxylin and Eosin staining. EL, eyelid; L, lens; C, cornea. MAP3K1 loss and eyelid suture do not affect Meibomian gland (arrows) formation in the eyelid (upper panels), but an opened eyelid at birth is clearly associated with corneal abnormalities (lower panels).
MAP3K1 is essential for postnatal retinal development
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The retinal defect in the
mice had a closed eyelid, similar to what has been reported previously (Takatori et al., 2008) (Fig. 4A) . Nevertheless, all mice exhibited normal retinal morphology, regardless whether they had EOB, indicating again that retinal abnormality is not secondary to defective eyelid closure. The above observations also imply that MAP3K1 regulates retinal development through a JNK-independent mechanism. To further evaluate this idea, we examined retinas for the presence of phospho-JNK, which is the enzymatically active form of this kinase. Phospho-JNK-positive cells were detected at the outer edge of the P2 retina, and the number of positive cells was similar in Map3k1 +/DKD and Map3k1 DKD/DKD mice (Fig. 4B,C) . Although the number of p-JNK-positive cells was decreased at P6 and was almost undetectable at P7 in the heterozygous retinas, it was still quite abundant at P6 and P7 in the knockout retinas. In addition, some p-JNK-positive cells were found in ectopic positions in the inner layer of the knockout retinas. These results suggest that aberrant retinal development in the knockout mice is not due to insufficient amounts of active JNK.
Perturbed proliferation and apoptosis of the
Map3k1-knockout retina
At late embryonic and neonatal stages, the RPCs either proliferate to populate the growing retina or exit the cell cycle to differentiate into functionally specialized cells. To examine whether MAP3K1 loss affects cell proliferation, we examined retinas for phosphohistone H3, an M phase marker that labels mitotic progenitors. The M-phase progenitors are known to be distinctly located at the sclera side of the RPC layers. Accordingly, we detected the p-H3-positive cells confined to the outer edge of the RPC layers, whereas the number of p-H3-positive cells was most abundant at P2, markedly reduced at P6, and almost diminished at P7 and P8 in the retinas of the heterozygous mice (Fig. 5A,B) . Compared with that in heterozygote, the number of p-H3-positive cells in knockout mice was similar at P2, slight increased at P6, and significantly higher at P7 and P8 ( Fig. 5A,B ; data not shown). In addition to more mitotic cells at the outer edge, the knockout mice had some p-H3-positive cells located in unusual positions in the inner segment of the retinas (Fig. 5B) . Mitosis ceased at P12 in the retinas of both genotypes. After mitosis, the somas of the progenitors migrate to the vitreal side of the RPC layers where they complete S phase. The detection of more abundant mitotic cells in the outer segment of the knockout retinas suggests that MAP3K1 loss may promote the progenitor cells to cycle faster and for an extended period of time. In this case, the number of S-phase cells would also be higher in the knockout retina. To examine this possibility, we measured the expression of proliferating cell nuclear antigen (PCNA), an S-phase marker. Similar to the mitotic cells, the S-phase-positive cells were more abundant at P2, but gradually reduced in number when the mice grew older and became undetectable at P12 in both genotypes ( Fig.  5C ; data not shown). Although the fraction of PCNA-positive cells in Map3k1 +/DKD and Map3k1 DKD/DKD retinas was slightly, but insignificantly, different at P2, it was significantly different at P6-P10 ( Fig. 5C ; Table 1 ). Specifically, the retinas of knockout mice displayed more abundant PCNA staining than did their agematched heterozygote counterparts, especially in peripheral regions of the retina. The RPCs are oriented radially along the apical/basal axis with their end feet anchored at both sides. To determine whether the mislocated mitotic cells in the Map3k1 DKD/DKD retinas were due to loss of cell polarity and adhesion, we examined F-actin levels, which is abundant at the cell feet attaching to apical surfaces. Factin was clearly seen at the apical surfaces of the p6 and p8 retinas, and importantly, its expression pattern was identical in Map3k1 +/DKD and Map3k1 DKD/DKD retinas (Fig. 5D) . The F-actin in the Map3k1 DKD/DKD retinas was interrupted only in the regions where the retinal folding occurred, but it was otherwise largely intact at the apical surface and was not detected in ectopic areas. MAP3K1 loss therefore does not seem to perturb cell polarity and adhesion. The developing retina tends to establish the correct balance between proliferation and size; therefore, excessive cellular proliferation often triggers cell death. To determine whether this were the case, we performed a TUNEL assay to examine retinas of heterozygous and knockout mice. At ages younger than P10, there was no major difference in apoptosis between Map3k1 +/DKD and Map3k1 DKD/DKD retinas. At ages P14-P21, the number of apoptotic cells was significantly higher in the retinas of knockout than in heterozygous mice ( Fig. 6A,B ; Table 2 ). Apoptotic cells were detected in a random pattern in both inner and outer nuclear layers, suggesting that death was not selective to a specific cell type (Table 2) .
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MAP3K1 affects retinal cell differentiation
To determine whether the increased proliferation and apoptosis in the Map3k1 mutant retina resulted in aberrant production of specific cell types, we examined several classes of retinal cells in P21 we examined the P21 and P90 retinas, focusing on the hyperplasic lesions in knockout mice and the corresponding areas in heterozygote. Although the Müller glial processes (glutamine synthetase positive) were confined between the inner and outer limiting membrane in the heterozygous retinas, they protruded beyond the boundary of the outer limiting membrane and displaced the rod photoreceptors in hyperplasic lesions in the knockout retinas (Fig. 7B ). Misallocated bipolar (PKC positive) and horizontal (calbindin positive) cells were detected occasionally in some lesions, but the rod (rhodopsin positive) and cone (opsin positive) photoreceptors were affected in all the dysplastic lesions in the knockout mice. To assess at which developmental stage Müller glia was deregulated in the knockout retinas, we examined retinas at different postnatal ages. The glutamine synthetase-positive cells were first detected at P7 and became more abundant at P10 and P21. Although these cells were confined to a thin layer in the INL in the Map3k1 +/DKD retinas, they were more abundant and displayed a diffused pattern in the Map3k1 DKD/DKD retinas (Fig.   7C ). A closer examination of the knockout retinas showed that the soma of some glutamine synthetase-positive cells were misallocated outside of INL and scattered towards the ONL (Fig.  8A) . Interestingly, the misallocated glutamine synthetase-, p-JNKand p-H3-positive cells displayed similar distribution patterns, raising the possibility that they were all mitotic cells in nature. As antibodies for co-immunostaining were not available to test this idea, we examined the nuclear morphology and found that all these cells had condensed nuclei (Fig. 8B) . These results suggest that MAP3K1 loss may lead to re-activation of Müller glia proliferation and gliosis.
Activation of the RB/E2F pathways in MAP3K1-null retina
The aberrant proliferation and apoptosis, and Müller glia overproduction in the Map3k1-knockout retinas were similar to those occurring in the Rb-and p27 kip1 -knockout retinas. We therefore asked whether MAP3K1 affected the cell cycle regulatory pathways. Although the expression of RB and p27 kip1 was not affected by MAP3K1 loss, the expression of cyclin D1 (Ccnd1) and CDK4/6 (Cdk4/6), which are downstream effectors of p27 kip1 , was three-to sixfold higher in the knockout retinas (Fig. 8C) . The Cyclin/CDKs are known to phosphorylate RB, thereby removing the inhibitory effects of RB on E2F, resulting in activation of E2F and its target gene expression. By examining the lysates of developing retinas, we found that phospho-RB was indeed detected in the knockout but not heterozygous mice (Fig. 8D) . By examining RNA of developing retinas, we found that, although expression of E2f1 itself was unaffected by MAP3K1 loss, expression of several known E2F-target genes, such as dihydrofolate reductase (Dhfr), polymerase alpha 1 (Pola1), cyclin A (Ccna) and cyclin E (Ccne), were upregulated two-to fivefold in the knockout mice (Fig. 8E) . These results were consistent with previous findings that Map3k1 DKD/DKD retinas had more PCNA, a target gene of the E2F complexes. Taken together, these results suggest that MAP3K1 loss is associated with an increase of CDK/cyclin D1 and p-RB, which may in turn lead to activation of E2F1 and its target gene expression in the developing retina.
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DISCUSSION
Recent studies of the MAP3K1-deficient mice have uncovered numerous cell type-and tissue-specific roles of MAP3K1 in development, homeostatic maintenance and disease processes . Here, we show that MAP3K1 is highly expressed in the developing retinas, where it regulates cell proliferation and apoptosis. Cyclin D1 is known to regulate RPC proliferation by promoting G1-to S-phase transition in dividing cells through activation of cyclin-dependent kinases 4 and 6 (CDK4/6), while the CDKs in turn lead to phosphorylation and inactivation of RB, thereby enhancing E2F activity for gene expression and DNA replication (Das et al., 2009 ). We suggest that MAP3K1 suppresses 4009 RESEARCH ARTICLE MAP3K1 in retinal development this pathway, as MAP3K1 ablation leads to increased expression of cyclin D1, CDK4 and CDK6, RB phosphorylation, and E2F activation in the neonatal retinas. Consistent with this idea, the Map3k1-knockout mice share great phenotypic similarities with the E2f1-transgenic and Rb-knockout mice, all displaying increased proliferation followed by apoptosis and formation of rosette-like structures in the developing retinas (Lin et al., 2001) . Consequently, the Map3k1-knockout retinas have photoreceptor loss, blood vessel invasion, RPE break down and early onset of retinal degeneration. Despite of their phenotypic similarities, the Map3k1-and Rbknockout mice have different developmental defects in the retina. First, both Map3k1-and Rb-knockout retinas display higher mitotic index, with the mitotic cells located along the outer edge of the RPC layers and ectopically at unusual positions in the inner layers (Chen et al., 2004) . Nonetheless, the Map3k1-knockout retinas have a higher level of mitotic cells at the outer edge and the Rb knockouts do not. Second, RB is involved in cell cycle exit of differentiated precursors, and consequently, the Rb knockout has an imbalanced production of precursors and misrepresentation of multiple retinal cell types (Chen et al., 2007; Lin et al., 2001 , which was set as 1.
proliferative gliosis. It is, thus, possible that reactivated Müller glial cells migrate to the outer edge, where they behave like progenitor cells and contribute to the hyper-mitotic phenotype in this region. The proliferative gliosis does not occur in the Rb-knockout mice, but, interestingly, it is observed in mice lacking p27 kip1 , an upstream inhibitor of CDK (Dyer and Cepko, 2000; Levine et al., 2000) . In addition to our findings in retinal progenitor cells, MAP3K1 is shown to be involved in CD40 ligand-induced cyclin D2 expression and proliferation in B cells (Gallagher et al., 2007) . Thus, MAP3K1 may act as a negative regulator of the CDK-RB-E2F pathway in multiple cell types.
As MAP3K1 is not required for p27 kip1 expression, we suggest that MAP3K1 must act in parallel to p27 kip1 in regulating gliosis. Besides the RB-E2F pathways, MAP3K1 may crosstalk with other regulatory networks during retinal development. One candidate is the Notch-Hes pathway. Notch signaling determines the commitment of late RPCs to either neuronal or glial cell fate, thus the increase in Müller glia is at the expense of other lateborn cells (Furukawa et al., 2000) . This is not the case for the Map3k1-knockout retinas, in which the increased Müller glia is not associated with decreased rods and bipolar cells. On the other hand, MAP3K1 may regulate cell polarity, important for interkinetic nuclear migration. The polarity defects can perturb cell migration, leading to dissociation of the mitotic cells from the outer edge of RPC layer and dislocation to the INL (Sottocornola et al., 2010) . The mitotic index at the outer edge was increased, not decreased, whereas the F-actin at the apical surface marking adhesion junction was largely intact in the knockout retinas. It is therefore unlikely that MAP3K1 loss perturbs cell polarity and hence mitotic cell migration. Although the identity of the molecular factors that link MAP3K1 and the RB-E2F pathway has remained a mystery, further investigation into this issue may help to better understand the underlying mechanism of reactive gliosis, which is associated with major diseases of the retina, including retinitis pigmentosa (Fariss et al., 2000; Li et al., 1995) , macular degeneration (Kimura et al., 1999) and diabetic retinopathy (Amin et al., 1997) .
Müller glial cell reactivation usually takes place in response to acute retinal stress or injury (Jadhav et al., 2009) , it is therefore important to confirm that retina defects in the Map3k1-knockout mice are not due to external stress associated with EOB. The MAP3K1 is well characterized for its role in eyelid morphogenesis (Zhang et al., 2003) . During eyelid development, MAP3K1 is required for JNK activation, which in turn leads to eyelid tip epithelial cell migration and embryonic eyelid closure (Takatori et al., 2008) . In addition to eyelid development, MAP3K1 also acts through JNK to regulate diverse physiological and pathological processes. We show for the first time that MAP3K1 has a JNKindependent function in retina development. Two pieces of evidence support this conclusion. First, the developing retina of the knockout mice has higher JNK activation associated with mitosis, suggesting that the M phase JNK phosphorylation is independent of MAP3K1 (Ho and Li, 2010 (Deprest et al., 1999) . Defective retina development in the knockout mice therefore is unlikely to be secondary to defective eyelid closure. Modulation of signaling pathway activity with great precision can ensure robustness and reproducibility of cell fate specification. In Drosophila, the Ras, PAK, Raf, TAK and MAPK are all implicated in photoreceptor differentiation (Dickson et al., 1995; Halfar et al., 2001; Menzel et al., 2007; Mihaly et al., 2001 ); however, a Drosophila MAP3K1 is yet to be identified. In mammals, many signaling factors are found activated in temporal correlation with crucial events of retina maturation, but their roles in retinal cell fate determination remain poorly understood (Oliveira et al., 2008) . So far, the mammalian ASK1-p38 pathway is linked to post-mitotic cell apoptosis (Campos et al., 2006; Harada et al., 2006) , whereas the PI3K-AKT pathway mediates cell survival (O'Driscoll et al., 2006) . Results from this work uncover a new signaling mechanism through which MAP3K1 may act through the RB-E2F axis in prevention of retinal malformation and degeneration. Further investigating the roles MAP3K1 play in Müller glial cell re-activation may lead to therapeutic strategies for retinal repair and injury protection.
